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1

ELECTROLYTE FOR MAGNESIUM CELL
AND MAGNESIUM CELL CONTAINING THE
ELECTROLYTE

FIELD OF THE INVENTION

The present invention relates to an electrolytic solution
for a magnesium cell, and a magnesium cell including the
clectrolytic solution.

BACKGROUND OF THE INVENTION

Magnesium, which 1s an active light metal, has a diagonal
relationship with lithium, has a similar 10nic radius to that of
lithium, and also has similar chemical properties to those of
lithium. Since a metallic magnesium negative electrode has
a relatively high theoretical specific capacity (2205 mAh/g),
1s mexpensive and high in melting point (649° C.), 1s easily
processed, and 1s also environmentally-friendly, a magne-
sium secondary battery 1n which magnesium 1s used for a
negative electrode 1s increasingly attracting attention (see
Non-Patent Documents 1 to 3). A magnesium secondary
battery 1s superior 1n terms of cost and energy density to a
lithium 10n cell and thus 1s a promising eco-iriendly battery
and 1s expected to serve as a high-capacity power battery
system for the next generation (see Non-Patent Documents
4 and 5).

Conventionally, the development of a magnesium second-
ary battery has been restricted by two factors. The first factor
1s as follows: while both of a magnesium 10n and a lithium
ion have a small 1onic radius, a magnesium 10n has a higher
charge and undergoes a strong solvation action, and there-
fore no or few substrates are available that allow the
isertion of magnesium 1ons, thus limiting the selection of
positive electrode matenials. The second factor 1s as follows:
magnesium forms a passive film 1n most electrolytic solu-
tions, and this passive film is a poor conductor for Mg>*
ions. Therefore, i1t 1s diflicult to prepare a magnesium
secondary battery electrolytic solution system having a high
reversible deposition-dissolution rate of magnesium and a
wide electrochemical window, inhibiting the development of
a magnesium secondary battery.

A magnesium electrode forms no passive film 1n a Gri-
gnard reagent/ether solution and 1s also excellent in revers-
ible deposition properties of magnesium, but a common
Grignard reagent, of which the stable electrochemical win-
dow 1s narrow, cannot be easily applied to a magnesium
secondary battery (see Non-Patent Documents 6 and 7). In
2000, Nature journal disclosed a novel electrolytic solution
system that can be applied to a magnesium secondary
battery, researched and developed by Aurbach (Israeli sci-
entist) et al. (see Non-Patent Document 8), and disclosed
that magnesium can be reversibly deposited from an ether
solution of Mg(AX, R ),, where A=Al B, As, P, Sb or the
like, X=Cl or Br, R represents an alkyl group, O<n<4, and
n'+n"=n. This novel formulation 1s considered to have been
obtained by the reaction of a Lewis acid RR'Mg with a
Lewis salt AX, R R’ ., and was named as “first generation
clectrolytic solution” by the D. Aurbach team. This system
has a significantly enhanced conductivity in a 0.3 to 0.5 M
clectrolyte solution at room temperature and has a signifi-
cantly improved anodic stability as compared with the case
of a Grignard reagent. At the end of year 2007, the Aurbach
team succeeded in synthesis of a magnesium-aluminum-
halogen complex, 1n which all ligands are phenyl groups, in
an electrolytic THF solution system and such an electrolytic

solution system was referred to as “second generation elec-
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2

trolytic solution” (see Non-Patent Document 9). The elec-
trolytic solution was obtained by reacting PhMgCl as a
Lewis salt and AICI, as a Lewis acid 1n a ratio of 2:1 1n
tetrahydrofuran solvent, and the electrochemical window
thereof was 3 V or more, the overpotential thereol in
magnesium deposition was less than 0.2 V, and the conduc-
tivity of the solution was clearly enhanced as compared with
conventional systems. The Grignard reagent, PhMgCl, 1n the
clectrolytic solution, however, 1s highly reductive and must
be measured and stored in conditions of no moisture and
isolation from air, and thus the range of application for the
system 1s limited.

Non-Patent Document 1: Gregory T D, Hoflman R I,
Winterton R C, Development of an ambient secondary
magnesium cell, Journal of the Electrochemical Society,
1990, 137(3): 775-780

Non-Patent Document 2: Besenhard J O, Winter M,
Advances 1n cell technology: rechargeable magnesium
cells and novel negative electrode matenals for lithium
ion cells, Chemphyschem, 2002, 3(2): 155-159

Non-Patent Document 3: Levi E, Gofer Y, Aurbach D, On
the Way to Rechargeable Mg Cells: The Challenge of
New Cathode Matenials, Chemistry of Matenials, 2010,
22(3): 860-868

Non-Patent Document 4: Lossius I P, Emmenegger F,
Plating of magnesium from organic solvents, Electro-
chimica Acta, 1996, 41(3): 445-4477

Non-Patent Document 5: Aurbach D, Gofer Y, Lu Z, et al. A
comparison between the electrochemical behavior of
reversible magnesium and lithium electrodes, Journal of
Power Sources, 2001, 97(8): 269-273

Non-Patent Document 6: Liebenow C, Yang 7, Lobitz P, The
clectrodeposition of magnesium using solutions of orga-
nomagnesium halides, amidomagnesium halides and
magnesium organoborates, Electrochemistry Communi-
cations, 2000, 2(9): 641-645

Non-Patent Document 7: Guo Y S, Yang J, NulL1 Y N, Study
ol electronic eflect of Grignard reagents on their electro-
chemical behavior, Electrochemistry Communications,
2010, 12(2): 1671-1673

Non-Patent Document 8: Aurbach D, Lu Z, Schechter A,
Prototype system for rechargeable magnesium cells,
Nature, 2000, 407(6805); 724-727

Non-Patent Document 9: Oren Mizrahi, Nir Amir, Aurbach
D, Electrolyte Solutions with a Wide Electrochemical
Window for Rechargeable Magnesium Cells, Journal of

The FElectrochemical Society, 2007, 155(2); A103-A109

SUMMARY OF THE INVENTION

An objective of the present invention is to provide a novel
clectrolytic solution for a magnesium cell, which solves the
above problems, exists stably in air, and broadens the
selection of positive electrode materials, as well as a mag-
nesium cell including the electrolytic solution.

To achieve the foregoing objective and 1n accordance with
one aspect of the present invention, an electrolytic solution
for a magnesium cell 1s provided that contains a solute,
which 1s phenoxyl-Mg—Al-halogen complex, and an ether
solvent.

In the above described electrolytic solution for a magne-
sium cell, the solute i1s preferably a reaction product of a
Lewis salt, which 1s ROMgX, and a Lewis acid, which 1s
AlCl;, wherein R represents an aryl group optionally sub-
stituted with fluorine and/or an alkyl group, and X represents
halogen.
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Further, R preferably represents a phenyl group optionally
substituted fluorine and/or with an alkyl group.

In the above described electrolytic solution for a magne-
stum cell, wherein a molar ratio of the ROMgX to the AICI,

1s preferably 1 to 3.

In the above described electrolytic solution for a magne-
sium cell, a concentration of the solute in the entire elec-
trolytic solution 1s preferably 0.2 to 1 mol/L.

In the above described electrolytic solution for a magne-
sium cell, the ROMgX 1s preferably at least one selected
from the group consisting of

@ngm O
@ym (&

@—OMgBr 2_>—OMgC1
Q OMgBr <_27 OMg(Cl

4<_>—OMgBr CH; 4<<>>— OMeCl
CH,;CH, O OMgB1

t-Bu

/
CHBCH%Q%M |

@ng& Q
@ CHS{Q%M%Q

<_2—0Mg3r <_2—0Mgc1
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-continued
OMgBr <O>7 OMg(Cl
CH,CHz CH,CHz
t-Bu

{; {}W
{}W CH%Q%M

-U_ -11

In the above described electrolytic solution for a magne-
sium cell, the ether solvent 1s preferably at least one selected
from the group consisting of tetrahydrofuran, ethylene gly-
col dimethyl ether, diethylene glycol dimethyl ether, 2-meth-
yltetrahydrofuran, ethyl ether, and tetracthylene glycol dim-
cthyl ether.

In accordance with another aspect of the present mven-
tion, a magnesium cell comprising the above described
clectrolytic solution 1s provided.

The present mvention provides a novel electrolytic solu-
tion for a magnesium cell, which can exist stably 1n air and
broadens the selection of positive electrode materials, as
well as a magnesium cell including the electrolytic solution.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 shows a cyclic voltammogram 1n a Pt-plate work-
ing electrode of a 0.5 M 2-tert-butyl-4-methylphenoxyl-
Mg—Al—Cl complex/tetrahydrofuran electrolytic solution
obtained in Example 2;

FIG. 2 shows a voltage-current curve of ten cycles 1 a
Pt-plate working electrode of a 0.5 mol/LL 2-tert-butyl-4-
methylphenoxyl-Mg—Al—Cl complex/tetrahydrofuran
clectrolytic solution obtained 1n Example 5;

FIG. 3 shows curves of a magnesium deposition-dissolu-
tion efliciency and a charge-discharge in Example 2;

FIG. 4 shows an X-ray diflraction spectrum and a scan-
ning electron micrograph of magnesium deposited in
Example 2;

FIG. § shows a stable cyclic voltammogram 1n a Pt-plate
working electrode of a 0.5 mol/L 2-tert-butyl-4-methylphe-
noxyl-Mg—AIl—Cl complex/mixed ether electrolytic solu-
tion obtained 1n Example 5; and

FIG. 6 shows a cyclic voltammogram in a Pt-plate work-
ing electrode of a 0.5 mol/LL (PhMgCl) —AICl,/tetrahydro-

furan electrolytic solution obtained 1n Comparative Example
1.

L1

DETAILED DESCRIPTION OF TH.
INVENTION

<Preparation of Electrolytic Solution>

In an inert atmosphere, a predetermined amount of a
phenolic (represented by ROH) compound 1s dissolved 1n a
predetermined amount of an ether solvent, the resulting
solution 1s stirred until a transparent solution 1s obtained, a
solution of a predetermined amount of CH,CH,MgX (here-
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mafter, CH,CH, 1s sometimes abbreviated as Et) in ether 1s
then slowly dropped to the transparent solution, and the
resulting solution 1s stirred for a predetermined time to
provide a phenoxyl-Mg-halogen solution. In addition, a
predetermined amount of aluminum halide 1s dissolved 1n a
predetermined amount of an ether solvent, the resulting
solution 1s stirred until a transparent solution 1s obtained, and
then 1s slowly dropped to the phenoxyl-Mg-halogen solu-
tion, and the resulting solution 1s stirred until the solution 1s
transparent, thereby providing a 0.2 to 1 mol/LL phenoxyl-

Mg—Al-halogen/ether electrolytic solution.
Herein, reaction formulas are as follows.

ROH+CH,CH,MgX—ROMgX+CH,CH,1

*ROMgX+AIX,—(ROMgX),—AlX, (x=1 to 3)

R represents an aryl group optionally substituted with
fluorine and/or an alkyl group, and X represents halogen.
Further preterably, R represents a phenyl group optionally
substituted with fluorine and/or an alkyl group.

Herein, the preparation method of the electrolytic solution
1s not limited to the above, and may be appropnately
modified.
<Measurement of Conductivity>

The 0.2 to 1 mol/L electrolytic solution prepared 1s placed
in an inLab 710 conductivity measuring cell (Mettler
Toledo, Switzerland), and the conductivity 1s measured by
an FE30 conductivity meter.
<Cyclic Voltammogram Test>

For a three-clectrode glass test cell in a tubular form,
metallic platinum (the area thereof is 3.14 mm”) is used for
a working electrode, a predetermined amount of the 0.2 to 1
mol/L electrolytic solution 1s loaded, and metallic magne-
sium 1s used for a counter electrode and a reference electrode
to assemble the three-electrode system. A cyclic voltammo-
gram test 1s performed at a scan speed of 1 to 300 mV/S 1n
a glove box under an argon atmosphere.
<Assembly of Cell>

A Ni piece (the area thereof is 0.5 mm?) is used for a base
clectrode for magnesium deposition, 0.1 to 0.5 mL of the 0.2
to 1 mol/L electrolytic solution 1s loaded, metallic magne-
sium 1s used for a counter electrode, and a porous polyeth-
ylene film 1s used as a diaphragm, to assemble a button-
shaped cell. Then, the deposition-dissolution performance of
magnesium 1s determined at a charge-discharge current
density of 0.1 to 5 mA/cm® by performing time control in
constant current discharge (magnesium deposition) and volt-
age control 1n constant current charge (magnesium dissolu-
tion).

A metallic Ni piece (the area thereof is 0.5 mm?) is used
for a base electrode for magnesium deposition, 0.1 to 0.5 mL
of the 0.2 to 1 mol/L electrolytic solution 1s loaded, metallic
magnesium 1s used for a counter electrode, and a porous
polyethylene film 1s used as a diaphragm, to assemble a
button-shaped cell. Then, electrochemical deposition 1s per-
formed 1n conditions of a deposition current density of 0.1
to 10 mA/cm” and a deposition time of 5 to 24 hours.
Thereaftter, the cell 1s disassembled 1n a glove box under an
argon atmosphere and washed with tetrahydrofuran, and the
deposit 1s subjected to measurements by X-ray diflraction
(XRD) and scanning electron microscopy (SEM).

The metallic base electrode for use in the present inven-
tion 1s made of copper, aluminum, nickel or silver.

All the steps of preparation of the electrolytic solution and
assembly of the cell are performed 1n a glove box under an
argon atmosphere.
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6

Hereinatter, the present invention will be described 1n
more detail with reference to Examples, but the present
invention 1s not limited to the following Examples.

Example 1

In a glove box under an argon atmosphere, 0.3285 g (2
mmol) of 2-tert-butyl-4-methylphenol (ROH) was weighed
and dissolved mn 1 ml of tetrahydrofuran (heremafter,
referred to as THF) solvent, the resulting solution was stirred
by a magnetic stirrer until a transparent solution was
obtained, 1 ml of a 2 mol/L. CH,CH,MgCl solution in THF
was then slowly dropped to the transparent solution by a
pipette, and the resultant was stirred for about 0.5 hours to
provide a 2-tert-butyl-4-methylphenoxyl-Mg—Cl1 solution
(2 mmol). In addition, 0.2667 g (2 mmol) of AICIl;, was
dissolved 1n 2 ml of THEF, the resulting solution was stirred
by a magnetic stirrer until a transparent solution was
obtained, and was then slowly dropped to the 2-tert-butyl-
4-methylphenoxyl-Mg—Cl solution, and the resultant was
stirred until 1t was transparent, thereby providing a 0.5
mol/LL  2-tert-butyl-4-methylphenoxyl-Mg—AIl—Cl com-
plex/tetrahydrofuran electrolytic solution (x=1, x: molar
ratio of Lewis salt to Lewis acid; the same shall apply
hereafter.).

Four ml of the 0.5 mol/LL 2-tert-butyl-4-methylphenoxyl-
Mg—Al—C1 complex/tetrahydrofuran electrolytic solution
was loaded 1 an ilLab 710 conductivity measuring cell
(Mettler Toledo, Switzerland), and the conductivity was
measured by an FE30 conductivity meter. The measured
conductivity of the electrolytic solution was 1.32 mS/cm.

Platinum was used for a working electrode, 3 ml of the 0.5
mol/LL  2-tert-butyl-4-methylphenoxyl-Mg—Al—Cl com-
plex/tetrahydrofuran electrolytic solution (x=1) was loaded,
and metallic magnesium was used for a counter electrode
and a reference electrode, to assemble a three-electrode
system. A cyclic voltammogram test was performed at a scan
speed of 50 mV/S 1n a glove box under an argon atmosphere.
The cyclic voltammogram results were as follows: a reduc-
tion-oxidation process observed around 0 V vs. Mg corre-
sponded to the deposition and dissolution of magnesium,
and the anodic oxidation potential was 2.5 V vs. Mg.

Example 2

In a glove box under an argon atmosphere, 0.3285 g (2
mmol) of 2-tert-butyl-4-methylphenol (ROH) was weighed
and dissolved 1n 1 ml of THF solvent, the resulting solution
was stirred by a magnetic stirrer until a transparent solution
was obtained, 1 ml of a 2 mol/LL CH,CH,MgCl solution in
THF was then slowly dropped to the transparent solution by
a pipette, and the resultant was stirred for about 0.5 hours to
provide a 2-tert-butyl-4-methylphenoxyl-Mg—Cl1 solution
(2 mmol). In addition, 0.1333 g (1 mmol) of AICI, was
dissolved in 2 ml of THF, the resulting solution was stirred
by a magnetic stirrer until a transparent solution was
obtained, and was then slowly dropped to the 2-tert-butyl-
4-methylphenoxyl-Mg—Cl solution, and the resultant was
stirred until 1t was transparent, thereby providing a 0.5
mol/LL  2-tert-butyl-4-methylphenoxyl-Mg—Al—Cl com-
plex/tetrahydrofuran electrolytic solution (x=2).

Four ml of the 0.5 mol/LL 2-tert-butyl-4-methylphenoxyl-
Mg—Al—C1 complex/tetrahydrofuran electrolytic solution
was loaded m an ilLab 710 conductivity measuring cell
(Mettler Toledo, Switzerland), and the conductivity was
measured by an FE30 conductivity meter. The measured
conductivity of the electrolytic solution was 2.56 mS/cm.
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Platinum was used for a working electrode, 3 ml of the 0.5
mol/LL  2-tert-butyl-4-methylphenoxyl-Mg—Al—Cl com-
plex/tetrahydrofuran electrolytic solution (x=2) was loaded,
and metallic magnesium was used for a counter electrode
and a reference electrode, to assemble a three-electrode
system. A cyclic voltammogram test was performed at a scan
speed of 50 mV/S 1n a glove box under an argon atmosphere.
The cyclic voltammogram results were as follows: as shown
in FI1G. 1, a reduction-oxidation process observed around O
V vs. Mg corresponded to the deposition and dissolution of
magnesium, and the anodic oxidation potential was 2.6 V vs.
Mg.

A Ni piece was used for a base electrode for magnesium
deposition, 0.3 ml of the 0.5 mol/LL 2-tert-butyl-4-methyl-
phenoxyl-Mg—Al—Cl complex/tetrahydrofuran electro-
lytic solution (x=2) was loaded, metallic magnesium was
used for a counter electrode, and a polyethylene film was
used as a diaphragm, to assemble a button-shaped cell. Then,
the magnesium deposition-dissolution performance was
determined 1n conditions of a charge-discharge current of 1
mA/cm?®, a discharge time of 30 minutes and a charge-off
voltage of 0.8 V vs. Mg. The results of magnesium depo-
sition-dissolution efliciency at the initial stage of cycle were
as follows: as shown 1n FIG. 3, the first cycle efliciency was
82.1%, and the magnesium deposition-dissolution coulomb
ciliciency after the initial cycle was maintaimned at 98% or
more.

A metallic N1 piece was used for a base electrode for
magnesium deposition, 0.3 ml of the 0.5 mol/L 2-tert-butyl-
4-methylphenoxyl-Mg—Al—Cl  complex/tetrahydrofuran
clectrolytic solution was loaded, metallic magnesium was
used for a counter electrode, and a polyethylene film was
used as a diaphragm, to assemble a button-shaped cell. Then,
clectrochemical deposition was performed 1n conditions of a
deposition current density of 0.2 mA/cm” and a deposition
time of 10 hours. Thereafter, the cell was disassembled 1in a
glove box under an argon atmosphere and washed with
tetrahydrofuran, and the deposit was subjected to measure-
ments by X-ray diffraction (XRD) and scannming electron
microscopy (SEM). The XRD results were as follows: as
shown 1n FIG. 4, except for diflraction peaks of Ni as a
substrate (respectively, 44.5 and 351.9), diffraction peaks
observed at 34.45°, 36.79°, 47.99°, 537.61°, 63.30°, 68.73°
and the like corresponded to peaks of metallic magnesium
(JCPDS 35-0821). From the SEM results (inserted diagram
in FIG. 4), a magnesium layer deposited was dense and
1sland-shaped.

Example 3

In a glove box under an argon atmosphere, 0.1882 g (2
mmol) of phenol (ROH) was weighed and dissolved 1n 1 ml
of THF solvent, the resulting solution was stirred by a
magnetic stirrer until a transparent solution was obtained, 1
ml of a 2 mol/L CH,CH,MgCl1 solution in THF was then
slowly dropped to the transparent solution by a pipette, and
the resultant was stirred for about 0.5 hours to provide a
phenoxyl-Mg—Cl solution (2 mmol). In addition, 0.1333 g
(1 mmol) of AICI; was dissolved 1n 2 ml of THF solvent, the
resulting solution was stirred by a magnetic stirrer until a
transparent solution was obtained, and was then slowly
dropped to the phenoxyl-Mg—Cl1 solution, and the resultant
was stirred until 1t was transparent, thereby providing a 0.5
mol/LL  phenoxyl-Mg—Al—Cl complex/tetrahydrofuran
clectrolytic solution (x=2).

Four ml of the 0.5 mol/LL phenoxyl-Mg—Al—Cl] com-

plex/tetrahydrofuran electrolytic solution was loaded 1n an
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inlL.ab 710 conductivity measuring cell (Mettler Toledo,
Switzerland), and the conductivity was measured by an
FE30 conductivity meter. The measured conductivity of the
clectrolytic solution was 0.99 mS/cm.

Platinum was used for a working electrode, 3 ml of the 0.5
mol/LL  phenoxyl-Mg—Al—Cl complex/tetrahydrofuran
clectrolytic solution (x=2) was loaded, and metallic magne-
stum was used for a counter electrode and a reference
clectrode, to assemble a three-electrode system. A cyclic
voltammogram test was performed at a scan speed of 50
mV/S 1n a glove box under an argon atmosphere. The cyclic
voltammogram results were as follows: a reduction-oxida-
tion process observed around 0 V vs. Mg corresponded to
the deposition and dissolution of magnesium, and the anodic
oxidation potential was 2.3 V vs. Mg.

Example 4

In a glove box under an argon atmosphere, 0.18 ml (2
mmol) of o-fluorine-phenol (ROH) was weighed and dis-
solved in 1 ml of THF solvent, the resulting solution was
stirred by a magnetic stirrer until a transparent solution was

obtained, 1 ml of a 2 mol/LL CH;CH,MgCl solution 1n THF

was then slowly dropped to the transparent solution by a
pipette, and the resultant was stirred for about 0.5 hours to
provide a phenoxyl-Mg—Cl1 solution (2 mmol). In addition,
0.1333 g (1 mmol) of AICI, was dissolved 1n 2 ml of THF,
the resulting solution was stirred by a magnetic stirrer until
a transparent solution was obtained, and was then slowly
dropped to the phenoxyl-Mg—Cl1 solution, and the resultant
was stirred until 1t was transparent, thereby providing a 0.5
mol/LL o-fluorine-phenoxyl-Mg—Al—Cl complex/tetrahy-
drofuran electrolytic solution (x=2).

Four ml of the 0.5 mol/L o-fluorine-phenoxyl-Mg—Al—
Cl complex/tetrahydroturan electrolytic solution was loaded
in an inLab 710 conductivity measuring cell (Mettler
Toledo, Switzerland), and the conductivity was measured by
an FE30 conductivity meter. The measured conductivity of
the electrolytic solution was 2.02 mS/cm.

Platinum was used for a working electrode, 3 ml of the 0.5
mol/LL o-fluorine-phenoxyl-Mg—Al—Cl complex/tetrahy-
drofuran electrolytic solution (x=2) was loaded, and metallic
magnesium was used for a counter electrode and a reference
clectrode, to assemble a three-electrode system. A cyclic
voltammogram test was performed at a scan speed of 50
mV/S 1n a glove box under an argon atmosphere. The cyclic
voltammogram results were as follows: a reduction-oxida-
tion process observed around 0 V vs. Mg corresponded to
the deposition and dissolution of magnesium, and the anodic
oxidation potential was 2.6 V vs. Mg.

Example 5

Platinum was used for a working electrode, 3 ml of the 0.5
mol/LL  2-tert-butyl-4-methylphenoxyl-Mg—AIl—Cl com-
plex/tetrahydrofuran electrolytic solution (x=2) prepared by
the same method as 1n Example 2 was loaded, and metallic
magnesium was used for a counter electrode and a reference
clectrode, to assemble a three-electrode system. A cyclic
voltammogram test was performed at a scan speed of 50
mV/S 1 air. The cyclic voltammogram results were as
follows: as shown 1n FIG. 2, a reduction-oxidation process
observed around 0 V vs. Mg corresponded to the deposition
and dissolution of magnesium, the anodic oxidation poten-
tial was about 2.7 V vs. Mg, and an excellent repeating
property was maintained in ten cycles.
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Example 6

A 0.5 mol/LL 2-tert-butyl-4-methylphenoxyl-Mg—Al—Cl
complex (x=2)/mixed ether (volume ratio of tetracthylene
glycol dimethyl ether:tetrahydrofuran=1:1) solution was
prepared 1n a glove box under an argon atmosphere by the
same method as 1n Example 2 except that a mixed liquid of
tetracthylene glycol dimethyl ether and tetrahydrofuran in a
volume ratio of 1:1 was used as a solvent, and the solution
was used for an electrolytic solution for a magnesium
secondary battery. The electrolytic solution could result 1n a
significant reduction in volatility of tetrahydrofuran solvent
and a notable enhancement in safety. Four ml of the elec-
trolytic solution was loaded 1n an mmlLab 710 conductivity
measuring cell (Mettler Toledo, Switzerland), and the con-
ductivity was measured by an FE30 conductivity meter. The
measured conductivity of the electrolytic solution was 0.98
mS/cm.

Platinum was used for a working electrode, 3 ml of the 0.5
mol/L electrolytic solution was loaded, and metallic mag-
nesium was used for a counter electrode and a reference
clectrode, to assemble a three-electrode system. A cyclic
voltammogram test was performed at a scan speed of 50
mV/S 1n a glove box under an argon atmosphere. The cyclic
voltammogram results were as follows: a reduction-oxida-
tion process observed around 0 V vs. Mg/Mg** corre-
sponded to the deposition and dissolution of magnesium,
and the anodic oxidation potential was 2.4 V vs. Mg/Mg=*

or more (FIG. 5).

Comparative Example 1

Platinum was used for a working electrode, 3 ml of a 0.5
mol/L (PhMgCl),—AICl,/tetrahydroturan electrolytic solu-
tion (namely, “second generation electrolytic solution™) was
loaded, and metallic magnesium was used for a counter
electrode and a reference electrode, to assemble a three-
clectrode system. A cyclic voltammogram test was per-
formed at a scan speed of 50 mV/S 1n air. The cyclic
voltammogram results were as follows: as shown in FIG. 6,
the reduction-oxidation process corresponding to the depo-
sition and dissolution of magnesium was not observed
around 0 V vs. Mg/Mg~*.

As can be seen from Examples 1 to 6 and Comparative
Example 1, a magnestum cell including an electrolytic
solution containing a solute, which was phenoxyl-Mg—Al-
halogen complex, and an ether solvent was high 1n anodic
oxidation potential and excellent 1n cycle repeating property,
and exhibited a reduction-oxidation process corresponding
to the deposition and dissolution of magnesium around 0 V
vs. Mg/Mg>*. Accordingly, the inventive rechargeable mag-
nesium cell using a solute, which was phenoxyl-Mg—Al-
halogen complex, and an ether solvent can exist stably 1n air
and broaden the selection of a positive electrode material.

The 1nvention claimed 1s:

1. An electrolytic solution for a magnesium cell, contain-
ng:

a solute, which 1s phenoxyl-Mg—Al-halogen complex;

and

an ether solvent.

2. The electrolytic solution for a magnesium cell accord-
ing to claim 1, wherein the solute 1s a reaction product of a
Lewis salt, which 1s ROMgX, and a Lewis acid, which 1s
AlCl;, wherein R represents an aryl group optionally sub-
stituted with fluorine and/or an alkyl group, and X represents
halogen.
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3. The electrolytic solution for a magnesium cell accord-
ing to claim 2, wherein R represents a phenyl group option-
ally substituted fluorine and/or with an alkyl group.

4. The electrolytic solution for a magnesium cell accord-
ing to claim 2, wherein a molar ratio of the ROMgX to the

AlCl; 15 1 to 3.

5. The electrolytic solution for a magnesium cell accord-
ing to claim 1, wherein a concentration of the solute in the
entire electrolytic solution 1s 0.2 to 1 mol/L.

6. The electrolytic solution for a magnesium cell accord-
ing to claim 2, wherein the ROMgX 1s at least one selected
from the group consisting of

@— OMgB:r <O>— OMeCl

OMgBr <<>>7 OMgCl

Hj H3
t-B

/t Bu
CHx O OMgBr CHx —<O>7 OMgCl
t-Bu
CH,CH, O OMgBr

t-Bu

CH;CH,

Q OMgBr <_§7 OMgCl

t-Bu

\ \
CH34<FO>70MgBr C};34<O>70Mg(31
/ /
@2—0&@&« @2—0&@@1

OMgCl
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. -continued
/ /
<O>7 OMgBr <Q>7 OMg(Cl
\
CH>CHs CH,CH;3

tBu

QOMgﬁr CH3—<_2—0MgC1

7. The electrolytic solution for a magnesium cell accord-
ing to claim 1, wherein the ether solvent 1s at least one
selected from the group consisting of tetrahydrofuran, eth-
yvlene glycol dimethyl ether, diethylene glycol dimethyl
cther, 2-methyltetrahydrofuran, ethyl ether, and tetraethyl-
ene glycol dimethyl ether.

8. A magnesium cell comprising the electrolytic solution
according to claim 1.
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